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Unspecific peroxygenase (UPO) represents a new type of heme-thiolate enzyme with self-sufficient mono(per)oxygenase activity
and many potential applications in organic synthesis. With a view to taking advantage of these properties, we subjected the Agro-
cybe aegerita UPO1-encoding gene to directed evolution in Saccharomyces cerevisiae. To promote functional expression, several
different signal peptides were fused to the mature protein, and the resulting products were tested. Over 9,000 clones were
screened using an ad hoc dual-colorimetric assay that assessed both peroxidative and oxygen transfer activities. After 5 genera-

tions of directed evolution combined with hybrid approaches, 9 mutations were introduced that resulted in a 3,250-fold total
activity improvement with no alteration in protein stability. A breakdown between secretion and catalytic activity was per-
formed by replacing the native signal peptide of the original parental type with that of the evolved mutant; the evolved leader

increased functional expression 27-fold, whereas an 18-fold improvement in the k

/K,,, value for oxygen transfer activity was

cat

obtained. The evolved UPO1 was active and highly stable in the presence of organic cosolvents. Mutations in the hydrophobic
core of the signal peptide contributed to enhance functional expression up to 8 mg/liter, while catalytic efficiencies for peroxida-
tive and oxygen transfer reactions were increased by several mutations in the vicinity of the heme access channel. Overall, the
directed-evolution platform described is a valuable point of departure for the development of customized UPOs with improved

features and for the study of structure-function relationships.

he unspecific peroxygenase (UPO) (EC 1.11.2.1; also known as

aromatic peroxygenase [APO]) is secreted by the edible mush-
room Agrocybe aegerita, and it belongs to a new type of peroxide-
using enzymes that are of considerable interest due to their wide
range of potential biotechnological applications (1). UPO is a
compact protein with a thiolate axial ligand of the pivotal Fe’*
that governs the heme domain. Accordingly, UPO is classified as a
member of the heme-thiolate peroxidase (HTP) superfamily,
along with chloroperoxidase (CPO) from the ascomycete Lep-
toxyphium fumago, even though CPO is not capable of epoxidizing
aromatic rings or hydroxylating alkanes like UPO (2).

The diversity of enzymes in the HTP superfamily is conferred
by 2 distinct clusters (“long” and “short” UPOs) that are included
in basidiomycetes, ascomycetes, and other fungal sequences.
UPO-type genes and proteins have been isolated and character-
ized in Coprinellus radians, Marasmius rotula, and Coprinopsis
cinerea (3-5). Indeed, to date, over 1,000 UPO-like genes have
been identified in genetic databases and in basidiomycete genome
sequencing, indicating an ancient origin and a widespread distri-
bution of UPO in nature (6, 7). With over 300 identified sub-
strates, UPOs exhibit considerable promiscuity in oxidation
reactions, making them potentially attractive industrial bio-
catalysts. The versatile peroxide-dependent monooxygenase
activity of UPO, which is based on a 2-electron oxygenation
mechanism (i.e., peroxygenase activity), is of particular signif-
icance, as selective oxyfunctionalizations are among the most
important reactions in organic synthesis (8). The array of ox-
ygen transfer reactions catalyzed by UPO includes bromide
oxidation, sulfoxidation, N-oxidation, aromatic peroxygen-
ation, double-bond epoxidation, hydroxylation of aliphatic
compounds, and ether cleavage (2). Fueled by catalytic
amounts of H,O,, UPO acts as a self-sufficient monooxygenase
through a complex catalytic mechanism that joins the reactive
intermediates of heme-peroxidases and P450s (the “peroxide

3496 aem.asm.org

Applied and Environmental Microbiology p. 3496-3507

shunt” pathway) (7). Moreover, a UPO oxoiron(IV) protopor-
phyrin radical cation intermediate (UPO compound I) was
recently described and proposed as the main active oxygen
species involved in the mono(per)oxygenase activity of UPO
(9, 10). Thus, UPO may be considered to be the missing link
between P450 monooxygenases and heme-peroxidases (7).
Despite much biotechnological interest in this enzyme, no pro-
tein-engineering studies have attempted to adapt its unique fea-
tures to the requirements of specific biotransformation processes
in industrial settings. Moreover, endeavors to gain a better under-
standing of UPO’s complex mechanism of action are hindered by
the absence of tools with which to design mutants. Indeed, the
successful adaptation of UPO has been hampered by many of the
same bottlenecks that have precluded the engineering of CPO for
decades, including several obstacles that prevent successful func-
tional expression of HTPs in heterologous hosts (e.g., different
codon usage, cumbersome posttranslational modifications, and
heme-thiolate prosthetic group attachments [11, 12]).
Escherichia coli and Saccharomyces cerevisiae are the most at-
tractive heterologous hosts in which directed evolution can be
performed (13). S. cerevisiae is a particularly versatile vehicle for
the functional expression and directed evolution of fungal genes
involved in lignin modification (including laccases and peroxi-
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dases), and it has been used in the directed evolution of versatile
peroxidases (VP) for functional expression and stabilization,
whereby medium-redox-potential laccases have been engineered
to confer high secretion levels and activity on organic cosolvents
(14-16). More recently, this host has been used in the design of
high-redox-potential laccases (HRPLs) that are active in human
blood and to develop chimeric laccases with combined properties
(17-20). The number of protocols developed for the generation of
DNA diversity in yeast is steadily increasing, and as such, the in
vivo homologous-recombination machinery of the host can be
used to enrich mutant libraries (21-23). These strategies have
helped to extend the study of S. cerevisiae into the fields of syn-
thetic biology and metabolic engineering, highlighting a wide
range of potential applications ranging from biofuel production
to novel green processes (24-26).

Here, for the first time, we describe the use of directed evolu-
tion to produce a soluble, active, and highly stable form of UPO in
S. cerevisiae. Several fusion genes were tested to increase initial
secretion levels, which were then further optimized by iterative
rounds of random mutagenesis, DNA recombination, and semi-
rational strategies. The enzyme’s substrate promiscuity was main-
tained by simultaneously performing a dual high-throughput
screening (HTS) assay to efficiently explore mutant libraries with-
out altering protein stability. The final mutant produced was
comprehensively characterized and exhibited markedly improved
kinetic properties, secretion, and stability over a range of temper-
atures, as well as in the presence of high concentrations of cosol-
vents.

MATERIALS AND METHODS

Laboratory evolution: general aspects. The original parental n-UPO1
and the a-UPO1, o*-UPO1, n*-UPO1, and n*-3F10 fusion genes were
constructed as described in the supplemental material. After each round
of directed evolution, the PCR products were loaded onto a preparative
agarose gel and then purified using the Zymoclean Gel DNA Recovery kit
(Zymo Research). The recovered DNA fragments were cloned under the
control of the GAL1 promoter of the pJRoC30 expression shuttle vector,
using BamHI and Xhol to linearize the plasmid and remove the parent
gene. The linearized vector was loaded onto a low-melting-point prepar-
ative agarose gel and purified as described above. The mutational loads,
recombination strategies, library sizes, and general conditions for each
cycle of evolution are described in Table S1 in the supplemental material.
All the primers used in this study are listed in Table S3 in the supplemental
material.

First generation. Four libraries were devised, using n-UPOI and
a-UPOL1 as the parental types. For each parent, 2 different mutagenic PCR
strategies were used: Taqg DNA polymerase (Sigma) in the presence of
MnCl, (1 to 3 mutations/1,000 bp) and the Genemorph II kit (4 to 9
mutations/1,000 bp) (Stratagene; Mutazyme IT). The PCR for Tag/MnCl,
was performed in a final volume of 50 l containing 3% dimethyl sulfox-
ide (DMSO), 90 nM RMLN, 90 nM RMLC, 0.3 mM deoxynucleoside
triphosphates (dANTPs) (0.075 mM each), 0.01 mM MnCl,, 1.5 mM
MgCl,, 0.05 U/pl Tag DNA polymerase, and 0.1 ng/pl of the correspond-
ing template. The PCRs for Mutazyme II were carried out in a final vol-
ume of 50 pl containing 3% DMSO, 0.37 uM RMLN, 0.37 pM RMLC, 0.8
mM dNTPs (0.2 mM each), 0.05 U/l Mutazyme 11, and 300 ng of the
corresponding initial target template (2,800 ng of pJR-n-upol and 2,566
ng of pJR-a-upol). Error-prone PCR was performed on a gradient ther-
mocycler (Mycycler; Bio-Rad) using the following parameters: 95°C for 2
min (1 cycle); 94°C for 45 s, 53°C for 45 s, and 74°C for 3 min (28 cycles);
and 74°C for 10 min (1 cycle). The PCR products (200 ng) were mixed
with the linearized plasmid (100 ng) and transformed into competent S.
cerevisiae cells using the Yeast Transformation kit (Sigma). To promote in
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vivo ligation, ~50-bp overhangs homologous to the linear vector were
designed. Transformed cells were plated on synthetic complete (SC)
dropout plates and incubated for 3 days at 30°C. Colonies containing the
whole autonomously replicating vector were selected and subjected to the
dual HTS assay and additional rescreening, as described in the supple-
mental material.

Second generation. The best mutants obtained from the first genera-
tion (1A11 and 3C2) were submitted to error-prone PCR (Tag/MnCl,
and Mutazyme II), as well as in vivo DNA shuffling. The mutagenic rates,
the PCR conditions, and the thermal-cycling program employed were the
same as those described for the first generation. The mutated PCR prod-
ucts were mixed with the linearized vector (at a 4:1 ratio of PCR products
to linearized plasmid) and transformed into competent S. cerevisiae cells
in order to promote in vivo DNA shuffling.

Third generation. The best mutant from the second round of evolu-
tion (mutant 12C12) was subjected to 2 different processes.

(i) In vivo assembly of mutant libraries. A recombined mutant
library was built by in vivo assembly of mutant libraries constructed with
different mutational spectra (IvAM [27]). Tag/MnCl, and Mutazyme II
libraries were mixed in equimolar amounts and transformed into compe-
tent S. cerevisiae cells along with the linearized vector, as described above
(at an 8:1 ratio of mutant library to vector).

(ii) Focused domain mutagenesis at the signal peptide. The 12C12
signal sequence was independently subjected to random mutagenesis by
MORPHING (mutagenic organized recombination process by homolo-
gous in vivo grouping) (28). Mutagenic PCR was prepared in a final vol-
ume of 50 wl containing 3% DMSO, 90 nM RMLN, 90 nM Morphing psn
apol rev, 0.3 mM dNTPs (0.075 mM each), 0.1 mM MnCl,, 1.5 mM
MgCl,, 0.05 U/pl Taq polymerase DNA, and 0.92 ng/ul template. The
amplification parameters were 95°C for 2 min (1 cycle); 94°C for 45 s,
50°C for 45 s, and 74°C for 30 s (28 cycles); and 74°C for 10 min (1 cycle).
The remaining portion of the whole UPO1 gene was amplified by high-
fidelity PCR in a final volume of 50 pl containing 3% DMSO, 0.5 M
Morphing psn apol dir, 0.5 pM RMLC, 1 mM dNTPs (0.25 mM each),
0.02 U/pl iProof DNA polymerase, and 0.2 ng/pl template. High-fidelity
PCR was carried out on a gradient thermocycler using the following pa-
rameters: 98°C for 30 s (1 cycle); 98°C for 10s, 55°C for 25 s, and 72°C for
455 (28 cycles); and 72°C for 10 min (1 cycle). The whole gene was in vivo
reassembled and recombined by transforming the different PCR products
into S. cerevisiae competent cells, a process facilitated by ~50-bp over-
hangs flanking each recombination area. The DNA transformation mix-
ture was composed of linearized plasmid (100 ng) mixed with the mu-
tagenized leader (200 ng) and the mature nonmutagenized protein
(200 ng).

Fourth generation. (i) Error-prone PCR and in vivo DNA shuffling.
Mutagenic PCRs were performed separately with mutants 113D3, M5D2,
and M4D8. The mutated PCR products were mixed with the linearized
vector (ata PCR product/linearized plasmid ratio of 6:1) and transformed
into competent S. cerevisiae cells to promote in vivo DNA shuffling.

(ii) Site-directed mutagenesis. The I13D3 mutant from the third gen-
eration was used as a template to introduce F[12]Y, A[14]V, and R[15]G
mutations (positions in the signal peptide are indicated in brackets) using
in vivo overlap extension (IVOE) (29). Two high-fidelity PCRs were per-
formed in a final volume of 50 pl containing (i) 3% DMSO, 0.5 uM
RMLN, 0.5 pM PSN*R, 1 mM dNTPs (0.25 mM each), 0.02 U/l iProof
DNA polymerase, and 0.2 ng/ul template or (ii) 3% DMSO, 0.5 uM
PSN*F, 0.5 puM RMLC, 1 mM dNTPs (0.25 mM each), 0.02 U/l iProof
DNA polymerase, and 0.2 ng/ul template. The following PCR parameters
were used for each reaction: (i) 98°C for 30 s (1 cycle), 98°C for 10's, 47°C
for 25s, 72°C for 15 s (28 cycles), and 72°C for 10 min (1 cycle); (ii) 98°C
for 30 s (1 cycle), 98°C for 10's, 52°C for 25 s, 72°C for 40 s (28 cycles), and
72°C for 10 min (1 cycle). Both PCR products (200 ng each) were mixed
with the linearized vector (100 ng) and transformed into S. cerevisiae for in
vivo gene reassembly and cloning. Overlapping areas of ~50 bp flanking
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each segment were created to maximize the efficiency of in vivo DNA
splicing between fragments.

Fifth generation. The V57A mutation from 22A10 was introduced
into 2A12 by mutational recovery through IVOE. Two high-fidelity PCRs
were performed in a final volume of 50 pl containing (i) 3% DMSO, 0.5
pM RMLN, 0.5 uM 2A12*REV, 1 mM dNTPs (0.25 mM each), 0.02 U/pl
iProof DNA polymerase, and 0.2 ng/ul template or (ii) 3% DMSO, 0.5
uM 2A12*DIR, 0.5 wM RMLC, 1 mM dNTPs (0.25 mM each), 0.02 U/pl
iProof DNA polymerase, and 0.2 ng/jul DNA template. The following PCR
parameters were used for each reaction: (i) 98°C for 30 s (1 cycle), 98°C for
10s,47°C for 25's, 72°C for 15 s (28 cycles), and 72°C for 10 min (1 cycle);
(ii) 98°C for 30 s (1 cycle), 98°C for 10 s, 52°C for 25 s, 72°C for 35 s (28
cycles), and 72°C for 10 min (1 cycle). Both PCR products (200 ng each)
were mixed with the linearized vector (100 ng) and transformed into S.
cerevisiae for in vivo gene reassembly and cloning as described above.

High-throughput screening. Peroxidative and peroxygenase activi-
ties were screened with the help of a dual HT assay based on the oxidation
of ABTS [2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) ] and the
hydroxylation of 5-nitro-1,3-benzodioxole (NBD) (which is in turn spon-
taneously cleaved to form the chromophore 4-nitrocatechol), as indicated
in the supplemental material. Three consecutive rescreenings were carried
out to rule out the selection of false positives, which included a thermo-
stability assay for the estimation of T, (the temperature at which the
enzyme retains 50% of its initial activity after 10 min of incubation)
values.

Purification and biochemical characterization. n*-UPO1, the PaDa-I
mutant, and ,UPO1 were produced, purified, and biochemically character-
ized as described in the supplemental material.

RESULTS AND DISCUSSION

Point of departure: construction of fusion genes and design of
the HTS assay. The starting point of this study was the cDNA
(upol gene) coding for the unspecific peroxygenase from A.
aegerita (accession no. FM872457) (30, 31). This gene encodes a
protein of 328 amino acids plus a 43-amino-acid signal peptide
that directs secretion in A. aegerita. To achieve sufficient expres-
sion in the heterologous host in order to begin directed evolution,
several constructs were prepared that contained the native signal
sequence (n-UPOL1), the a-factor preproleader from S. cerevisiae
(a-UPOL1), and the evolved a-factor preproleader (a*-UPO1).
The evolved a-factor preproleader (a*) was previously engi-
neered in association with an HRPL, achieving functional levels of
expression after 8 rounds of laboratory evolution (18). The a*
construct contained V10D-N23K-A87K mutations that boosted
the expression of other HRPL genes (17, 20, 32) and that may also
enhance UPO1 secretion. The secretion of each of the fusion genes
was determined in 96-well plate microfermentations (mU ABTS/
liter): n-UPO1, 149; a-UPO1, 74; a*-UPO1, negligible. While the
use of evolved a-factor preproleaders as universal peptides for
heterologous expression has been proposed (33), this approach
appears to work only when signal sequences are switched between
protein templates with a high degree of sequence identity (as in the
case of HRPLs), indicating that they cannot be used in other, less
related systems.

Several substrates were tested to develop a screening assay for
directed UPO evolution. They included benzyl alcohol, veratryl
alcohol, NBD, 2,6-dimethoxyphenol (DMP), ABTS, and p-nitro-
phenoxy carboxylic acid (pNCA). Given the low levels of UPO1
secretion in microtiter plates, only the ABTS oxidation assay was
reliable and stable, with good signal response and a low level of
interference in culture broth. This assay was adjusted for the ap-
propriate substrate concentrations (0.3 and 2 mM ABTS and
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H,O0,, respectively) and the optimum pH (4.4). After improving
secretion levels (from the second round of evolution onward), a
peroxygenase (oxygen transfer) assay using NBD as the substrate
was also incorporated into the screening protocol to maintain or
even improve mono(per)oxygenase activity. UPO converts NBD
into 4-nitrocatechol (yellow) via an initial hydroxylation and the
subsequent spontaneous release of formic acid. 4-Nitrocatechol
can be deprotonated at basic pH values to produce a strong red
color (34). The microfermentation conditions were optimized to
minimize interference during screening, evaluating several heme
sources (d-aminolevulinic acid, hemine, and hemoglobin), the
concentration of MgSO, (a source of structural Mg>*), and the
effect of ethanol on membrane permeability, as well as a range of
temperatures, stirring rates, and periods of incubation (see the
supplemental material for details). The heme source chosen for
UPO expression (hemoglobin) generated unwanted background
activity during screening, and it was removed from the expression
medium in the last rounds of evolution, as secretion was suffi-
ciently high in its absence. Moreover, the coefficient of variance of
the assays was reduced by up to 12% in the final cycles of evolution
due to the stronger activity displayed by the variants. Three con-
secutive rescreenings were performed to rule out the presence of
false positives. To protect UPO stability during the course of the
evolution, the Ty, was estimated for each mutant studied during
the third rescreening.

Directed evolution. The total activity of UPO1 was improved
~3,250-fold with respect to the parental type after 5 generations
(9,000 clones screened) of directed evolution. Moreover, expres-
sion levels of ~8 mg/liter were achieved with activity values of
6,500 U ABTS/liter and 1,300 U NBD/liter. A combination of sev-
eral error-prone PCR strategies with in vivo DNA recombination
protocols, focused domain mutagenesis on the signal peptide, and
mutational recovery was performed. In the first generation, both
the n-UPO1 and a-UPOI fusion genes were used as starting
points to enhance expression by subjecting the complete con-
structs to random mutagenesis and recombination. Accordingly,
4 mutant libraries were designed using different DNA poly-
merases and mutational loads, 2 for each construct. Mutants se-
lected after several consecutive rescreenings were derived exclu-
sively from n-UPOL libraries. The 2 best variants from this round
were 1A11 (L67F) and 3C2 (1248V-F311L), with 13- and 9-fold
improvements in total activity compared to n-UPO1, respectively
(Fig. 1; see Table S1 in the supplemental material).

The mutations of 1A11 and 3C2 were sufficiently distant (L67F
of 1A11 was located at a distance of 181 residues from 1248V in the
3C2 mutant) to permit a suitable crossover event to take place in
the next cycle of evolution via the yeast in vivo recombination
machinery. Accordingly, in the second generation, these 2 variants
were subjected to random mutagenesis and in vivo DNA shuffling.
As planned, all variants selected from this round combined L67F-
1248V-F311L, and they included some extra point mutations in
either the mature protein or the signal peptide. The mutant best
secreted in this generation (12C12) contained the aforementioned
L67F-1248V-F311L mutations, as well as A[21]D in the signal pep-
tide. At this stage of evolution, the NBD assay could be incorpo-
rated into the screening protocol to measure oxygen transfer ac-
tivity, thanks to the high levels of secretion observed for the 12C12
mutant. The use of the dual screening assay based on the NBD/
ABTS ratio allowed mutant hits to be selected without jeopardiz-
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DNA diversity strategies and TAI Tso
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ABTS NED F[12]Y A[14]V R[15]G A[21]D
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-y s
1
Mutational recovery 1
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M5D2 + 113D3 + 1 new mutation 150 43 57 22A10 T | |
1
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1
i
1
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!
!
!
113D3 + F[12]Y + A[14]V + R[15]G 132 40 59 2812 |t
1
i
c) Quadruple mutant at the signal peptide |
1
d) Mutagenic PCR + in vivo DNA shuffling |
1
1
12C12 + 1 new mutation 70 27 59.7 113D3 H -
1
. 1 a)
12C12 + 1 new mutation 63 27 n.d. M4D8 b
1
1
12C12 + 1 new mutation 87 34 60 M5D2 E
1
. ' b)
12C12 + 1 new mutation 84 34 60.1 mMéD4 | 7
12C12 + 1 new mutation 65 28 n.d. M2B5
a) IvAM
b) Morphing at the signal peptide
1A11 + 3C2 + 1 new mutation 57 22 59.8 12C12
1A11 + 3C2 + 1 new mutation 36 n.d. n.d. 3B5
1A11 + 3C2 + 1 new mutation 26 n.d. n.d. 10G3

I Mutagenic PCR + in vivo DNA shuffling
1 new mutation 13 1 57.5 1A11

2 new mutations 9 n.m. n.d. 3C2

IMutagenic PCR

FIG 1 Route for the directed evolution of UPOI toward functional expression and improved activity. New mutations are depicted as stars and accumulated
mutations as squares. Mutations in the mature PaDa-I mutant and their origins are boxed. The signal peptide is represented in dark red and the mature protein
in red. In the parental n-UPOI, the glycosylation sites (Asn11, Asn141, Asn161, Asn182, Asn286, and Asn295) are represented as blue stars, the Phe triad (Phe69,
Phel21, and Phel99) involved in the binding of aromatic substrates is marked with green arrows, and the acid-base pair for peroxide cleavage (Glu196 and
Argl89) is indicated with blue arrows. TAI represents the improvement in UPO1 activity detected in S. cerevisiae microcultures for each mutant compared with
the parental n-UPO1. Thermostability (T5,) was estimated from culture supernatants (Fig. 2B). The breakdown of the TAI into specific activity and expression
is shown in Fig. 3. The dashed arrows indicate the parental types used for each round of evolution. In the 3rd generation, “a” indicates the offspring obtained by
IvAM of 12C12 and “b” indicates the offspring obtained by MORPHING in the signal peptide of 12C12. In the 4th generation, “c” indicates the triple mutant at
the signal peptide constructed using I13D3 as a template and “d” the offspring obtained by mutagenic PCR and shuffling of parents 113D3, M5D2, and M4D8.
n.d., not determined; n.m., not measurable. (See also Table S1 in the supplemental material.)

Parent
n-UPO1

signal peptide | mature UPO1

ing activity and variants with improved NBD/ABTS ratios to be  peptide) as a template (Fig. 1a). In addition, the signal peptide of
identified (see below). 12C12 was subjected to focal mutagenesis by MORPHING (28) in

In the third generation, a dual approach was taken. First, mu-  an attempt to enrich the signal peptide in mutations that favor
tant libraries with different mutational spectra were assembled in  secretion (Fig. 1b). Library landscapes revealed a higher tolerance
vivo by IVAM (27), using the 12C12 mutant (including its signal ~ for mutations in the leader than in the whole UPO1 gene. This is
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TABLE 1 Biochemical features of the wild type and the evolved UPO
variant

Value
Biochemical or spectroscopy feature” WwJPO1¢ PaDa-I mutant’
Mass (Da)? 46,000 52,000
Mass (Da)” ND# 51,100
Mass (Da)¢ 35,942 35,914
Glycosylation degree (%) 22 30
Thermal stability (T5,) ec)? 53 55
pl 4.9-5.7 55
Optimum pH for ABTS 4.0 4.0
Optimum pH for DMP 7.0 6.0
Optimum pH for NBD 6.5 6.0
Rz (A,15/Ayso) 2.4 1.8
Soret region (nm) 420 418
CT1 (nm) 572 570
CT2 (nm) 540 537

@ Estimated by SDS-PAGE.

b Estimated by MALDI-TOF mass spectrometry.

¢ Estimated from the amino acid composition.

4 Estimated from purified variants.

¢ »UPO1, UPO1 wild type expressed in A. aegerita.

/PaDa-I mutant, the ultimate variant of the whole evolution process in S. cerevisiae
(containing the evolved signal peptide [n*] plus the evolved UPO1) (see Fig. S1 in the
supplemental material).

£ ND, not determined.

" CT1 and CT2, charge transference bands 1 and 2, respectively.

consistent with the observation that mutations in the leader affect
only secretion whereas mutations at the whole-gene level may also
modify catalytic properties. The most promising mutant from the
IvAM library, 113D3, contained the new V75I mutation, and it
displayed a 70-fold total activity improvement with respect to n-
UPOL. By focusing mutational loads in the signal peptide, 3 ben-
eficial mutations were introduced between positions 12 and 15 in
3 independent mutant winners. Mutations F[12]Y, A[14]V, and
R[15]G in the leader were so close to one another that the likeli-
hood of recombination by in vitro or in vivo methods was very low.
Thus, for the fourth generation, we constructed a triple mutant by
site-directed mutagenesis using the I13D3 mutant as a template
(Fig. 1c). The resulting mutant (2A12) contained 4 beneficial mu-
tations, F[12]Y-A[14]V-R[15]G-A[21]D, in the signal sequence,
and it showed markedly improved secretion. In addition, a new
round of random mutagenesis and recombination was also per-
formed using 113D3, M5D2, and M4D8 as templates. Although
M4D8 was not the best variant in generation 3, it was chosen as the
parent due to the mutational redundancy observed at position 4,
as this substitution also appeared in the 3B5 mutant from gener-
ation 2. From this set of experiments, we identified the 22A10
mutant, generated by a recombination event between M5D2 and
113D3 and containing the new mutation V57A (Fig. 1d). Finally,
the V57A mutation was introduced into 2A12 by mutational re-
covery, giving rise to the final mutant, PaDa-1.

Biochemical characterization. Wild-type UPO1, produced
homologously by A. aegerita (,,,UPO1), and the PaDa-I mutant
secreted in S. cerevisine were purified to homogeneity (Rein-
heitszahl value [Rz] [A,;4/A550], ~2) and characterized biochem-
ically (Table 1; see Fig. S1 in the supplemental material). The
average molecular mass measured by matrix-assisted laser desorp-
tion ionization—time of flight mass spectrometry (MALDI-TOF
MS) was 51,100 Da for PaDa-I (i.e., ~5,000 Da higher than that of
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«UPO1), and the contribution of glycosylation deduced by degly-
cosylation gels was around 22% for the wild type and 30% for the
mutant (see Fig. S1 in the supplemental material). S. cerevisiae
tends to hyperglycosylate foreign proteins up to levels of ~50%,
conferring on them increased stability and protection against pro-
teolytic degradation. The glycosylation of ,,UPO1 observed was
exclusively dependent on 6 predicted N-glycosylation sites (O-
glycosylation sites are not described for the enzyme), associated
with up to 8 moieties of the high-mannose type (30, 35). None of
the amino acid substitutions in PaDa-I introduced new glycosyla-
tion motifs, and thus, the higher sugar content in the mutant may
be due to an increased Golgi residence time that leads to the ad-
dition of more mannose moieties, as described in other directed-
evolution studies in yeast (14, 17). The PaDa-I and ,,,UPO1 pro-
teins had similar spectroscopic characteristics in the Fe’ " resting
state, with both enzymes showing a maximum in the Soret region
of around 418 nm and 2 Q bands at 570 and 540 nm (Fig. 2A).

The very weak expression of the parental n-UPOL1 in S. cerevi-
siae (~0.007 mg/liter) hampered its purification to homogeneity.
To overcome this impediment, we constructed a fusion gene in
which the native signal peptide of n-UPO1 was replaced by that
obtained after 5 cycles of directed evolution in yeast (n*, contain-
ing F[12]Y A[14]V R[15]G A[21]D mutations). Larger amounts
of native UPO1 were produced in S. cerevisiae from the n*-UPO1
fusion gene, which was then purified to homogeneity. This ap-
proach allowed us to make an accurate breakdown of the total
activity improvement (TAI) in terms of both specific activity and
heterologous functional expression (Fig. 3). The product of the
n*-UPO1 fusion gene showed biochemical characteristics similar
to those of the PaDa-I mutant in terms of molecular mass, the
degree of glycosylation, and thermal stability. After large-scale fer-
mentation, the PaDa-I protein showed a 3,250-fold TAI com-
pared to the parental n-UPO1 (6,500 U ABTS/liter for PaDa-I
versus 2 U ABTS/liter for n-UPO1), an improvement that was
20-fold greater than that obtained in microtiter plates, where stir-
ring conditions and oxygen availability were limiting. The product
of n*-UPO1 showed a 27-fold TAI with respect to n-UPOI, re-
flecting the potency of the evolved signal peptide in promoting
UPOL secretion. The breakdown of the TAI value revealed a
1,114-fold increase in functional expression and a 3.6-fold in-
crease in peroxidative activity (using ABTS) with respect to the
parental type. Bearing in mind that n* enhanced functional ex-
pression 27-fold, there was a further ~41-fold improvement in
functional expression conferred by mutations in the mature
UPOL. Secretion levels were significantly enhanced, from 0.007
mg/liter to 8 mg/liter, i.e., to levels similar to those obtained in the
original fungus A. aegerita (31).

The pH profiles for peroxidative (with ABTS and DMP) and
peroxygenase (with NBD) activities revealed similar shapes and
optimum pH values for ,,,UPO1, n*-UPO1, and PaDal (~4.0, 5.0,
and 6.0 for ABTS, DMP, and NBD, respectively) (Fig. 2C and D
and Table 1). Kinetic constants for peroxidative and peroxygenase
activities were assayed using several compounds, along with aryl
alcohols with different redox potentials (Table 2). The k., for
n*-UPO1 expressed in yeast was ~5-fold lower than that of
wUPO1, although they showed similar substrate affinities, with
the exception of the K,, for H,O, (2-fold lower in n*-UPOL1).
General differences in protein folding in the heterologous host,
particularly those affecting posttranslational modifications (e.g.,
hyperglycosylation), may affect the activity of the recombinant
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FIG 2 Biochemical characterization. (A) Spectroscopic characteristics of ,,,UPO1 (dashed line) and the PaDa-I mutant (solid line). AU, arbitrary units. (B)
Thermostability (Ts,) of PaDa-I and different parental types. Each point represents the mean and standard deviation of 3 independent experiments. 1G to 5G,
Ist generation to 5th generation. (C and D) pH activity profiles for ,UPO1 (triangles) and PaDa-I (squares). Activities were measured in 100 mM citrate/
phosphate/borate buffer at different pH values with 2 mM H,0, and 0.3 mM ABTS (C) or with 1 mM H,0, and 1 mM NBD (D). UPO1 activity was normalized
to the optimum activity value, and each point represents the mean and standard deviation of 3 independent experiments.

enzyme. These results are consistent with those reported for
lignin-modifying enzymes heterologously expressed in yeast, in
which a decrease in the k., of up to 10-fold was observed (36).
Both PaDa-I and ,,UPO1 showed very similar catalytic efficien-
cies for all the substrates tested, indicating marked improvements
in the activity of UPO1 after each round of evolution. Indeed, a
notable improvement in the k., value was detected when n*-
UPO1 was compared with PaDa-I (with increases of 10-, 9-, 8-,
and 7-fold for NBD, ABTS, veratryl alcohol, and benzyl alcohol,
respectively), and these increases accounted for an overall increase
in catalytic efficiency: the 18-fold improvement in the k. /K,
value for NBD hydroxylation comparing n*-UPO1 and PaDa-I
was 2.2 times greater than that of ,,UPO1 (i.e., 700 and 320 mM '
s~ ! for PaDa-I and ,,UPOI, respectively). Thus, the dual screen-
ing assay used during in vitro evolution helped to conserve and
even improve both peroxidative and mono(per)oxygenase activi-
ties.

Many of the aromatic substrates and oxyfunctionalized com-
pounds converted by UPO are further oxidized by the enzyme,
generating a pool of products of various complexities. Accord-
ingly, for certain applications, the removal of UPO’s peroxidative
activity (1-electron oxidation) may be considered a biotechnolog-
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ical priority. Using the HTS assay, we attempted to uncouple the
peroxidation and monooxygenase activities. Taking the NBD/
ABTS ratio as a discriminatory factor, the 3F10 variant (T120P
mutation) identified in the fourth generation showed a dramatic
decrease in peroxidative activity (a 4-fold decrease in the TAI for
ABTS, from 132- to 31-fold) while conserving its peroxygenase
activity (with similar TAIs for NBD and the parental 2A12) (Fig.
1). The signal peptide was switched in the 3F10 variant, as de-
scribed for the n*-UPOL1 construct (see the supplemental mate-
rial), and the corresponding n*-3F10 construct was produced on a
larger scale and compared with both ,,,UPO1 and n*-UPO1. The
NBD/ABTS ratios (expressed as percentages) were 19%, 20%, and
61% for ,UPO1, n*-UPO1, and n*3F10, respectively. During the
preliminary characterization of this variant, we detected a dra-
matic decrease in the thermostability produced by the beneficial
but destabilizing T120P mutation (with a 7°C decrease in Ts),
which precluded its purification and further analysis. Although
monooxygenase activity is a clear target for directed UPO evolu-
tion, our results indicate that the line between peroxidation and
mono(per)oxygenase activity in UPO is very fine and that its cat-
alytic mechanisms are strongly implicated in protein stability (10).
This problem may be overcome by including iterative rounds of
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n*-UPO1 54 233 0.2 27 1 27
RaDa:1 6,500 828 7.8 3,250 36 1,114
mutant

2Secretion levels for n-UPO1 were calculated assuming the same specific activity as n*-UPO1. ®Total activities (U/L) and TAI values (in fold) are
calculated from large scale fermentation experiments. Activities were assessed in 100 mM sodium citrate/phosphate buffer pH 4.4 containing

0.3 mM ABTS and 2 mM H,0,.

FIG 3 Breakdown of specific activity and functional expression. A fusion gene containing the evolved signal peptide (n*) attached to the native mature UPO1
was engineered. The n-UPO1, n*-UPO1, and PaDa-I variants were produced on a large scale, and their TAIs were measured. n*-UPO1 and PaDa-I were purified,
and their specific activities were calculated. n* enhanced functional expression ~27-fold, whereas mutations in mature PaDa-I resulted in an ~120-fold increase
in total activity. The 3,250-fold increase in the total activity of PaDa-I was broken down as a 3.6-fold improvement in specific activity and a 1,114-fold

improvement in functional expression.

neutral genetic drift in order to introduce stabilizing mutations
into the 3F10 mutant before further evolving its monooxygenase
activity (37).

Kinetic thermostability was conserved over the course of evo-
lution, with T, values in the 57 to 59°C range for all the offspring
of the mutants used as parental types in each round of directed
evolution (Fig. 1 and 2B). This effect was due to the screening
assay used during evolution, in which destabilizing mutations
were excluded from the evolutionary pathway.

The presence of organic cosolvents is required for many of the
transformations mediated by UPO. The activity and stability of
«JPO and the PaDa-I mutant were evaluated in the presence of
high concentrations of cosolvents with different polarities (with a
logP [octanol-water partition coefficient] ranging from —0.23 to
—1.3) and chemical characteristics (Fig. 4A and B). Regardless of
the enzyme tested, activity was reduced drastically in the presence
of increasing concentrations of cosolvents in the following order:
ethanol > DMSO > acetonitrile (ACN) ~ methanol > acetone.
Activities in cosolvents were estimated by measuring the concen-
tration of cosolvent at which the enzyme shows 50% of the corre-
sponding activity in buffer (Cs,). The strongest activity was ob-
served in acetone (Csq, 10 to 12%) and the weakest in ethanol and
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DMSO (Cs, ~2%). In terms of stability in cosolvents, both enzymes
were very stable at concentrations as high as 50% (vol/vol), with a
half-life of over 48 h and some hyperactivation (Fig. 4C and D). Un-
der more extreme conditions (concentrations ranging from 60 to
90%), cosolvents exerted detrimental effects in the following order:
DMSO > ethanol > methanol > acetone ~ ACN. Interestingly,
PaDa-I was very stable, retaining ~25% and ~55% of its activity at
concentrations of up to 90% (vol/vol) methanol and ethanol, respec-
tively, when the stability of ,,,UPO1 was negligible (Fig. 4E and F).
The combined effects of hyperglycosylation together with the intro-
duction of stabilizing mutations appears to underlie this resistance.
Mutation analysis. PaDa-I harbored 9 beneficial mutations
(no silent mutations were introduced during evolution), 4 in the
signal peptide and 5 in the mature protein. Five of the mutations
(3 in the mature protein and 2 in the signal peptide) favored codon
usage, which might support secretion (see Table S1 in the supple-
mental material). The 4 mutations in the signal peptide were lo-
cated in the hydrophobic core of the leader, and 3 of them
(underlined) were nearly consecutive: F[12]Y-A[14]F-R[15]G-
A[21]D. Substitutions at positions 12 and 21 enhanced the polar-
ity of this region, while those at positions 14 and 15 had the op-
posite effect. Overall, these 4 mutations enhanced secretion by up
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TABLE 2 Kinetic parameters of wild-type, recombinant, and evolved UPO variants

Value®
Substrate Kinetic constant wiJPO1 n*-UPO1 PaDa-1
ABTS K, (mM) 0.025 = 0.002 0.027 = 0.005 0.048 = 0.004
kow 571 21*6 45.0 + 2.7 395 + 13
keo/K,, (mM™"'s™) 8,800 * 692 1,600 = 37 8,200 + 598
NBD K,, (mM) 0.684 * 0.207 0.782 = 0.352 0.483 = 0.095
ket 571 219 =25 31.7 £ 6.1 338 = 22
k. /K,, (mM~'s ) 320 + 64 38.0 = 11 700 = 99
Benzyl alcohol K, (mM) 1.90 = 0.11 1.10 * 0.23 247 +0.32
kow 571 329 =7 44.8 + 3.1 307 + 15
keo/K,, (mM~"'s7h) 174 =7 41.0 £ 6.3 124 = 11
Veratryl alcohol K,, (mM) 5.20 = 0.31 5.30 = 0.82 7.9 0.7
ke 571 88 +2 152 * 1.1 1215
ko /K,, (mM~'s ) 17 £0.7 2.9 +0.25 15+ 0.9
H,0, K, (mM) 1.37 = 0.16 0.69 * 0.20 0.49 + 0.06
kew 571 290 = 15 40.9 * 3.8 238 + 8
keo/K,, (mM™"'s™) 211 = 15 59.0 = 12.3 500 = 42

@ ABTS kinetic constants for UPO1 were estimated in 100 mM sodium citrate/phosphate buffer, pH 4.4, containing 2 mM H,0, and those for the rest of the substrates in 100 mM
potassium phosphate buffer, pH 7.0, containing 2 mM H, 0O, (benzyl and veratryl alcohols) or 1 mM H,O, (NBD). H,O, kinetic constants were estimated using benzyl alcohol as a
reducing substrate under the corresponding saturated conditions. ,,,UPO1, UPO1 wild-type expressed in A. aegerita; n*-UPO, native UPO1 fused to the evolved signal peptide for
secretion in S. cerevisiae; PaDa-1 mutant, the ultimate variant of the whole evolution process in S. cerevisiae (containing the evolved signal peptide plus the evolved UPO1).

to 27-fold, as seen in the n*-UPO1 fusion gene (Fig. 3). Subtle
differences in the adjustment between the signal recognition par-
ticle (SRP) and the evolved signal peptide may benefit secretion,
bearing in mind that the SRP strongly interacts with the hydro-
phobic region of the leader. It has been reported that SRP binding
to the signal peptide pauses translation at different stages, depend-
ing on the nature of the leader (38). In our mutant, this arrest of
translation could facilitate proper recognition by the signal pepti-
dase before cleavage and translocation of the nascent UPO poly-
peptide to the endoplasmic reticulum (39).

Mutations in the mature UPO1 were mapped onto the recently
solved crystal structure of UPO1 (35). UPO1 is mostly formed by
helical substructures composed of 1 halide binding site, 1 Mg**
binding site, and the heme-thiolate domain, with Argl89 and
Glul196 forming the acid-base pair for compound I formation.
The funnel-shaped access channel to the substrate binding pocket
is 8.5 A in diameter and mainly covered with aromatic residues.
This binding pocket is controlled by a Phe triad (Phe69, Phel21,
and Phel99), which is essential for the orientation of (aromatic)
substrates. All mutations were conservative in terms of polarity
and charge, i.e., nonpolar substitutions (V57A, L67F, V75I,
1248V, and F311L), leading to few apparent changes in terms of H
bond or salt bridge formation/interruption (see Table S2 in the
supplemental material). In fact, mutations were located in hydro-
phobic environments, in some cases far from the catalytic site (see
Fig. S2 in the supplemental material). At this point, it is important
to note that our aim was to improve total activity while conserving
enzyme stability. Thus, we can only speculate as to whether a less
rigid directed-evolution approach would have unmasked other,
less conservative substitutions at the cost of threatening protein
stability (40). The 41-fold enhancement in secretion induced by
these mutations may be due to tighter folding during the earliest
posttranslational stages, which ultimately favors protein stability
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and secretion. The V57A mutation lies in a helix at the surface of
the protein next to the N terminus (Fig. 5A and B). According
to our model, the replacement of Val57 with a less bulky resi-
due may compress this region between adjacent prolines (at
positions 5 and 6 of the N terminus) and thereby increase the
protein’s robustness. The L67F mutation is located in the vi-
cinity of the catalytic pocket, very close to Phe69 of the Phe
triad involved in binding aromatic substrates. This mutation
may be partially responsible for the kinetic enhancements ob-
served, since after substitution, the aromatic ring of Phe67 is
oriented toward the active site (Fig. 5C and D). The V75I mu-
tation is produced by the replacement of a hydrophobic residue
with another, slightly larger hydrophobic residue, which may
establish new hydrophobic contacts with surrounding resi-
dues, thereby favoring protein stability (Fig. 5A and B). Finally,
the 1248V and F311L mutations are positioned in the sur-
roundings of the heme channel. The 1248V mutation is pro-
duced by the replacement of Ile248 at the entrance of the chan-
nel to the heme cavity with a Val residue, which could favor the
access of bulkier substrates (Fig. 5E and F). The F311L muta-
tion is located in front of the heme channel, with Phe76 in
between. The replacement of Phe with Leu enlarges the cavity,
which may in turn have beneficial effects on kinetics (Fig. 5A
and B).

Conclusions. Since its discovery 10 years ago, the potential use
of UPO in applications ranging from chemical processes (includ-
ing some relevant industrial transformations, such as alkane hy-
droxylation and olefin epoxidation) to the preparation of O- and
N-dealkylated human drug metabolites, as well as bioremediation
(polycyclic aromatic hydrocarbon [PAH] oxidation) and biosen-
sor development, has been studied exhaustively (41-50). For de-
cades, regio- and enantioselective oxyfunctionalization has been
a “forbidden territory” for most biocatalysts, except for P450
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FIG 4 Activity and stability in organic cosolvents. (A and B) The relative activities of ,,UPO1 (A) and the PaDa-I mutant (B) in organic cosolvents were assessed
with 2 mM H,0, and 0.3 mM ABTS in 100 mM sodium phosphate/citrate buffer (pH 4.4) containing the corresponding concentration of cosolvent. (C and D)
The stabilities of ,,UPO1 (C) and the PaDa-I mutant (D) after incubation for 48 h in 50% organic cosolvents were assessed by incubating enzyme samples in 100
mM potassium phosphate buffer (pH 7.0) containing 50% (vol/vol) organic cosolvent in screw-cap vials. After 48 h, aliquots were removed and analyzed in an
activity assay with 2 mM H,O, and 0.3 mM ABTS in 100 mM sodium phosphate/citrate buffer (pH 4.4). (E and F) The stabilities of ,,UPO1 (E) and the PaDa-I
mutant (F) at high concentrations of organic cosolvents were assessed after 5 h of incubation in increasing concentrations of cosolvents and incubating enzyme
samples at 20°C in 100 mM potassium phosphate buffer (pH 7.0) containing increasing concentrations (vol/vol) of organic cosolvent (60 to 90%). After 5 h,
aliquots were removed and analyzed in the activity assay, as described for panels C and D. Residual activities were expressed as percentages of the original activity
at the corresponding concentration of organic cosolvent. The error bars indicate standard deviations.

3504 aem.asm.org Applied and Environmental Microbiology


http://aem.asm.org

Heme
[LELL G

Directed Evolution of Unspecific Peroxygenase

Heme
channel

FIG 5 Mutations in evolved UPO1. A molecular model using as the template the A. aegerita crystal structure (PDB code 2YOR) was prepared to map the
mutations. Shown are details of the 5 mutations (green) in the PaDa-I mutant (B, D, and F) compared with the corresponding residues (yellow) in the native
UPOL (A, C,and E). The dashed lines indicate distances (in A) from the surrounding residues. Phe residues delimiting the active site are highlighted in pink and
the Cys36 axial ligand in light blue. The Fe’* of heme is shown as a red sphere and the structural Mg*" as a pink sphere. (See also Table S2 and Fig. S2 in the

supplemental material.)

monooxygenases. However, unlike the latter, UPO is soluble and
requires neither expensive cofactors (NAD[P]H) nor auxiliary fla-
voproteins. Despite these advantages, the lack of suitable directed-
evolution platforms with which to enhance UPO’s catalytic prop-
erties has limited the exploitation of this versatile biocatalyst. The
directed-evolution process presented here describes for the first
time an attractive pathway through which ad hoc UPO variants
can be tailored for use in several industrial reactions, such as al-
kane hydroxylation and the transformation of benzene into phe-
nol and naphthalene into naphthol (51, 52).
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The evolved UPO1 variant from this study is very active and
stable over a wide temperature range, as well as in the presence
of a variety of cosolvent types. Easily secreted by yeast, this
mutant and any future evolved variants could be translated to
other expression systems for overproduction. Preliminary tri-
als in the methylotrophic yeast Pichia pastoris indicate that the
evolved enzyme is overproduced 5-fold thanks to the increased
density in the host (unpublished data). Future goals for UPO en-
gineering include the conversion of the enzyme into an enantiose-
lective self-sufficient mono(per)oxygenase by quenching its per-
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oxidative activity, the improvement of its activity in the presence
of cosolvents, and the enhancement of its oxidative/operational
stability in the presence of peroxides. The future combination of
directed evolution (including neutral genetic drift) and rational/
hybrid design should provide a wealth of information that will
help us to better understand the complex mechanism of action as
UPO becomes an efficient oxyfunctionalization biocatalyst.
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